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1. Abstract 
Metal-sheathed high Tc superconducting ceramic wire composites composed of 
a ceramic core and an outer Ag sheath, or a composite consisting of a Ag interlayer and 
403 stainless steel or Ni outer tube, have been fabricated by wire drawing. 
Superconducting powders of YBa2Cu30x prepared by a variety of methods have been 
used for the ceramic core. However, the differences in mechanical and physical 
properties of the complex composite give rise to a number of possible modes of failure. 
Macrocracking of the ceramic core is attributable predominantly to relative shrinkage 
effects during sintering. 
Under certain circumstances, a displacement reaction occllfs at the interface 
between the ceramic superconductor and the containment tube ; the nature of this 
displacement reaction and its prevention are discussed. Various characterization 
techniques, including electron probe microanalysis (EPMA) and x-ray mapping, were 
utilized to analyze the spatial distribution of reaction products. In a composite 
configuration, the Ag interlayer is found to promote interf acial reactions, which change 
oxygen stoichiometry as function of depth and eventually affect the superconductivity. 
Because the presence of copper ions in the superconducting phase is a major reason for 
the reactivity of the superconducting ceramics, the interfacial reaction of CuO/Ag/Ni 
specimens with similar configuration was also examined. Finally, Nd1.ssCeo.1sCu04_x, 
which was recently discovered to be a n-type superconductor, and which may show less 
reactivity in some circumstances because of its lower Cu valence state, has also been 
fabricated in a similar composite configuration. Unlike the composite configuration, 
when used as electrical contacts and encapsulants,. a simple isolated direct contact of Ag 
with the cuprate superconductors shows the least tendency to produce a reaction layer. 
Two different configurations of multifllamentary wires were also successfully 
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fabricated with continuous strands of ceramic superconductors. Howet~ ~e fine 
filaments 'also have significant macrocracking even after sintering, and subsequently 
become a cause of low Jc in the metal-sheathed ceramic wire. 
Texture study, with round wire and tape-shaped wire fabricated by further rolling, 
was performed by X-ray diffraction analysis. The effect of defonnation;0n the powder 
compaction was studied by the measurement of the core density. 
.,·--v~ 
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2. Introduction, Purpose & Background 
In 1911, Heike Kamerlingh Onnes discovered the phenomenon that today we call 
superconductivity. Superconductivity is the loss of all measurable resistance at some 
temperature above absolute zero. This temperature is called the critical temperature for 
superconductivity (Tc). A superconducting material is also diamagnetic and therefore 
expels magnetic flux ; consequently there is a critical current density (Jc) and a critical 
field (He) above which the material loses superconductivity, as shown in Fig. (1).1 
Material must be maintained below the critical surface to remain superconducting. 
The highest Tc for an elemental superconductor is 9.26 K for the element Nb. In 
the 1960's, a number of metal alloy (e.g. Nb-Ti) and intermetallic (e.g. NbJSn) 
superconductors were discovered that had higher Tc's (over 20 K) and much higher Jc 
and He than the elemental superconductors. All of these, however, required liquid He as 
the cooling medium. Recently, however, a class of ceramic oxide superconductors have 
been discovered with significantly higher Tc· There are in fact five groups of ceramic 
superconductors that have been of interest: La-Ba-Cu-0 (Tc=32 K),2 Nd-Ce-Cu-0 
Tc=24 K),3 ( Y-Ba-Cu-0 (Tc=93 K),4 Bi-Sr-Ca-Cu-0 (Tc=80 to 110 K),5 and Tl-Ba-
Ca-Cu-0 (Tc=80 to 125 K),.6,7 The last three of these have Tc's above the boiling point 
of liquid nitrogen and therefore are the cause of great. interest. 
2.1 Why Wire-Form?: The Purpose of This Study 
The discovery of ceramic superconducting materials with Tc above 77 K{l} (the 
boiling point of liquid nitrogen) has had great impact on the field of superconducting 
{1} This temperature has been used by common agreement to separate 
. "high Tc" superconductors from low Tc superconductors. 
3 
r: 
I 
\ 
CRITICAL 
TEMPERATURE --~.__ 
-· . 
. . 
MAGNETIC 
FIELD 
,, 
.. 
TEMPERATURE 
K 
CURRENT 
DENSITY 
Fig. (1) Superconducting "Phase Diagram" Including Temperature, 
Field, and Current 
4 
.- I 
• 
research.2-7 Utilization of liquid nitrogen as a coolant medium permits lower cooling 
cost in comparison to liquid helium and allows drastic miniaturization of devices. Critical 
examples of commercial applications are energy storage, magnetic levitation, electric 
power generators, and electric power transmission systems. I Superconducting power 
lines transmit electricity without loss of power and the electric energy can be stored 
indefinitely as a circulating current Trains can be magnetically levitated above the rails 
for fast and smooth travel. In the electronics field, there are a number of applications, 
such as computer interconnections, computer chips and SQUIDs (Superconducting 
Quantum Interference Devices). 
For the applications described above, the superconducting material must be 
manufactured in useful forms. Wire forming techniques are essential for electric power 
and magnetic applications, while the electronic applications depend on thin film and 
device technology. In wire form, the superconductor is useful as a conductor for DC or 
AC power transmission, and for the generation of high magnetic fields.8 The production 
of fine wire is critical to minimize problems with stabilization and to lower the AC or 
dynamic losses .associated with changing magnetic or electric field If ceramic 
superconductors can be fabricated in a wire configuration, their potential for 
commercialization will be considerable over a broad industrial spectrum, and this 
commercialization might be accomplished much earlier than if other forms, i.e., thin 
films, of ceramic superconductors are required. For this reason, much research related 
to the fabrication of ceramic superconducting wire has been performed.?,10 
,, 
Table (1) shows the property requirements for superconducting cable for a 
number of applications.11 For most of the commercial applications, the critical current 
. 
density, Jc, must be greater than 1()5 Ncm 2 at magnetic fields on the order of 1 to 10 
'\ 
Tesla. In tl)e case of conventional metallic superconductors such as NbTi, NbJSn and 
5 
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Table (1) Requirements for Super,conducting Cables 
------------------------------------------------------------------------------------
Application Jc, Magnetic field Conductor Forn1 
105 A/cm2 environment, Telsa reqiured 
------------------------------------------------------------------------------------
Generator 2 2-6 Filamentary 
Transformer 10 <0.5 Filamentary 
SPTL* 20 0.1 Tape 
Fusion Reactor 0.4 1 
Motor 0.2 2-3 Filamentary 
Train 1 3 
SMES** 50 2-5 Monolithic 
NMR*** 1 1-2 Filamentary 
------------------------------------------------------------------------------------
* Superconducting Power Transmission Line 
** Superconducting Magnetic Energy Storage 
*** Nuclear Magnetic.Resonance 
<~) - 6 
PbMo6Ss , the desired Jc values for the required magnetic field are acceptable f
or 
commercialization. However, the Jc of the high Tc ceramic superconductors is 
only 
about 1/100-1/1000 of that of the conventional superconductors and also shows
 a drastic 
decrease as the magnetic field increases. There is still a long way to go before t
hese 
superconducting oxides are actually put into use. Table (2) lists some potential uses of 
the superconducting oxides and the predicted time until small-scale commercial 
production might begin.12 
Because many of these applications depend on the ability to manufacture the 
superconductor into wire form, the present research has been directed to study 
the 
fabrication and characterization of ceramic superconductor wire. For the purpo
se of the 
present work, the YBa2Cu30x superconductor has been chosen as the "generic"
 material 
to be studied, although some work was done with B4(Sr,Ca)604016+x· As will be 
seen from the following discussion, there is also a strong neetl for multifilamen
tary wire, 
and the fabrication of this configuration has therefore also been studied. A sign
ificant 
problem related to interfacial reactions, which will be described in detail, has al
so been 
discovered ; some basic materials research on nonsuperconducting cuprate oxid
es was 
performed to elucidate this work. 
2.2 Problems of YBa2Cu30x Superconductor 
2.2.1 Process-related Problems. 
The most common method of preparing ceramic high Tc superconductors requ
ires 
milling of starting materials (yttrium oxide, barium carbonate and cupric carbonate (53% 
Cu)). Milling of the raw materials in alcohol does not work well at when barium oxide is 
used instead of barium carbonatell ; the barium oxide picks up residual water f
rom the 
alcohol, and the resulting barium hydroxide interferes with sintering, gi'1ttg a l
ess dense 
7 
Table (2) Some Potential Uses of High Temperature Superconductors 
-----------------------------------
-----------------------------------
--------------------------
Use Description Time 
----------------------------------
----------------------------------
----------------------------
Computer 
Interconnections 
Superconductors to wire one chip to 
another inside a computer ; could 
speed up computers. 
Less than 
five years 
-----------------------------------
-----------------------------------
---~----------------------
SQUIDS* Extremely sensitive magnetic 
sensors for detecting brain signals, 
underground minerals and submarines. 
Less than 
five years 
-----------------------------------
-----------------------------------
--------------------------
Computers and 
computer chips 
Extremely fast yet small computers. Long-term 
-----------------------------------
-----------------------------------
--------------------------
Electric Power 
Transmssion 
Superconducting power lines to 
transmit electricity without loss of 
power 
Long-term 
. _7'-·, 
-----------------------------------
-----------------------------------
-------------------------
Energy Storage Electric energy stored indefinitely as 
a circulating current. 
Long-term 
-----------------------------------
-----------------------------------
-------------------------
Motors and 
Generator 
Smaller and lighter motors or 
generators for use on ships and 
submarines. 
Long-term 
-----------------------------------
-----------------------------------
-------------------------
Magnetic 
Levitation 
Trains magnetically levitated above 
the rails, allowing trains to travel 
swiftly and smoothly. 
Long-term 
-----------------------------------
-----------------------------------
-------------------------
Magnetic 
Separation 
Powerful magnets include separating Over 1 O 
steel scrap, purifying ore streams years 
and desulfurizing coal. 
----------------------------------
----------------------------------
---------------------------
* Superconducting Quantum Interference Devices 
f . __ / 
8 
and less homogeneous superconductor produ
ct. 
Attrition milling (zirconia milling media) could yield a
 very fine powder, less than 
lµm particle size ; but, it is found that this sm
all particle size is of little advantage to the 
final microstructure of a bulk sintered pnxlu
ctll Although the initial sintering rate is 
increased with finer particle size ; it is found 
that the fmal sintered density is not 
appreciably affected. For a sound wire produ
ct, the initial packing density is one of the 
critical factors because of shrinkage of the ce
ramic core during sintering. A fmer particle 
size or a combination of larger and smaller si
zes may provide better compaction due to 
the reduction of initial porosity. However, fo
r the development of texture in the 
microstructure, which will be discussed in de
tail later, elongated particles with rather 
larger size are desirable, even though low ini
tial packing density is expected. 
The composition of the calcined powders de
pends on the thermodynamic 
conditions, such as temperature and atmosph
ere, and the kinetic conditions, such as 
time, powder morphology, powder packing,
 batch size and atmosphere flow rate, during
 
calcination.13 After calcining, the powder is
 mostly the YBa2Cu30x ("1-2-3") phase. 
When barium carbonate is used as a starting 
material, there is always residual carbonate 
left to produce C(h during sintering. Because this COi
 is a source of porosity in the 
finished product, the density in bulk samples
 produced using barium carbonate is less 
than that with barium oxide as a starting mat
eriall3,14. 
According to extensive studies of phase equi
libria in the BaO-CuO-Y 20:J 
system,15 there is a low melting eutectic for c
ompositions rich in CuO and BaO with 
respect to the stoichiometric "1-2-3" superco
nducting phase. This eutectic liquid has a 
melting temperature of about 890 oC. It may pl
ay a role in producing insulating grain 
boundary phases which have detrimental eff
ects on the superconducting properties, even
 
though it might promote densification. Furth
er investigations demonstrate that the. 
9 
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superconducting phase decomposes peritectically to form a liquid and the crystalline 
phase Y 2BaCu05 at 1002 oC.16,17 Because the sintering process is usually performed 
above 920 oC, it is desirable to carefully control the stoichiometry and processing 
conditions during any heat-treatment. 
2.2.2 Oxygen Stoichiometry 
The superconducting phase in the BaO-CuO-Y 20j system has been identified as 
YBa2Cu30x (x=6.5- 6.9). It is known that this compound exists in two forms which 
differ according to the overall oxygen stoichiometry and the ordering of oxygen 
vacancies.ts 
It is found experimentally that the orthorhombic to tetragonal transition occurs near 
a composition of YBa2Cu306.5 ; in other words, the phase transition depends on a 
combination of both temperature and oxygen partial pressure which produce a critical 
value of stoichiometry below which superconductivity is not observed.18 From a 
simple charge balance consideration, the average charge state of Cu in YBa2Cu306.5 is 
2+. Thus, the tetragonal phase (x<6.5) must contain Cu with an average charge state 
less than 2+. An oxygen concentration near 6.8-6.9 corresponds to the situation for 
which the concentrations of Cu2+ and Cu3+ are equal. This composition (x=6.8-6.9) is 
known to be the most favorable concentration for achieving a high superconducting 
transition temperature (Tc). 
The sintering process, as a final high temperature heating step for the ceramic 
superconductor, is usually performed above 920 oc, where the tetragonal structure 
dominates. Because the tetragonal structure is non-superconducting, another heating 
\ process (or 'oxygen annealing') is required to obtain the superconducting orthorhombic 
,) 
structure. This oxygen annealing is usually carried out in an air or pure oxygen 
10 
atmosphere at temperatures ranging from 400 to (JO() oC.ts Because oxygen pickup is 
diffusion controlled, the required oxidation time depends on the specimen size, 
microstructure and density. In addition, the final oxygen annealing step presents some 
particular problems when the density of sintered product is very high (90% or more). 
Oxygen diffusion takes place increasingly slowly, and the result can be the formation of 
an outer layer of orthorhombic superconducting material surrounding a core that has not 
been transformed from the nonsuperconducting tetragonal structure. This may in turn 
cause a problem with a difference in expansion and which leads to mechanical failure. In 
the case of metal-sheathed superconducting wire, the ceramic superconducting material is 
surrounded by a metal tube. Thus, the time required for oxygen diffusion is extensive, 
even if silver, which has a high oxygen diffusion rate,19 is used. 
2.2.3 Reactivity of Cuprates 
The stability of the superconducting 1-2-3 phase is highly sensitive to water and to 
water vapor.20 Chemical decomposition of YBa2Cu30,, in which some of the copper 
ions are in the + 3 state, has been studied.21,22 If these trivalent copper ions were 
reduced to the divalent state, the following reactions may be expected : 
3H20 + 2YBa2Cu30, --> Y 2BaCu05 + 3Ba(OH)2 + 5Cu0 + 0.502, and 
Ba(OH)2 + CO2 --> BaC03 + H20 
X-ray diffraction study indicates that surfaces exposed to relative high humidity become 
mostly amorphous to some depth, and the superconducting transition 
range becomes broader.13 It is reported that the superconducting properties of 
YBa2Cu30x are degraded by carbon contamination.39 When polishing samples for 
microscopic examination, kerosene is commonly used, instead of water or alcohol. 
Thus, protection from ambient water and C(h will be required for all applications. Such 
1 1 
protection might be provided by a metal, a glass or an organic encapsulant In wire 
form, metal sheathing is commonly used due to its ease of the fabrication and the 
protection that it offers from any harmful environment 
In the fabrication of thin superconducting films for electronic applications, the 
choice and preparation of the substrates is one of the key factors. Chemical interaction, 
thin film orientation and mic1ostructure are crucial points for the development of 
superconducting properties and these factors can be strongly influenced by the 
compatibility of substrate and superconducting layer. 
Monocrystalline SrTiOJ substrates are known to be best23 ; however, some 
researchers report the "poisoning" of the superconductor by Ti and loss of Cu from 
YBa2Cu30x.24 Agatsum et al.25 found thin reaction layers of Ba Ti OJ on SrTi03 (100) 
substrates. In the case of monocrystalline yttria stabilized Zr02 substrates, a thin Ag or 
Nb buffer layer is recommended for the prevention of substrate-thin film interaction, 
because degradation of superconductivity occurs progressively with higher annealing 
temperatures and longer annealing times.23 If annealing above 900 K is needed on Si or 
Si02 substrates, the use of a buffer layer is also recommended. 
2.2.4 Anisotropy 
In the orthorhombic YBa2Cu30x superconducting material, the electric current can 
flow easily in the ab-plane with a well-oriented c-axis.26 Thus, high density c-axis grain-
oriented YBa2Cu3<>x ceramics show large Ic and low onset resistivity for the normal 
state. 
One of the recent topics in the study of superconducting ceramics is the use of 
grain-orientation techniques.27 This approach can produce ceramics with anisotropic, 
single-crystal-like properties. For example, hot-forging methods seem to be an 
12 
advantageous technique due to the effect of high plastic defonnation and subsequent 
texture development such that grains are oriented with the c-axis parallel to the forging 
axis.27,28 Tape casting methods29 and extrusion using an organic binder30 may also 
be utilized for texture development. With metal (silver)-sheathed wire, Matsuda, et al.31 
showed that rolling will increase Jc by 3-4 times compared with the drawing process. It 
is supposed that high Jc is attained by several factors : (i) densification of ceramic core, 
(ii) thin Ag sheath for better diffusion of Ch, (iii) uniformity of ceramic core and good 
contact with sheath, and (vi) texture development.31 
2.2.5 Mechanical Properties 
Concerning the fracture properties of polycrystalline YBa2Cu30x , some reports 
show a rather low value of fracture toughness CKtc =1.2-1.3 MPa ml/2) and a low 
hardness (HV=2-3.7 GPa).32,33 However, because the indentation marks were large 
compared with the grain size, the properties measured were determined by the overall 
density and the intergranular failure mechanism. By decreasing the indentation load and 
measuring indentations located entirely within individual grains, a monocrystalline 
hardness of 8.0 0Pa was obtained.13 A material with this degree of hardness may be 
acceptable for some applications. Therefore, it is reasonable to believe that strengthening 
of the grain boundaries of YBa2Cu3<>x ceramics will be a critical factor for improving 
the mechanical properties of this material. 
Microcracks were observed near certain special grain boundaries which are parallel 
to the basal planes34,35 ; they are formed as a result of the anisotropy of the thennal 
expansion coefficients.21,22 When the sample is cooled from the sintering temperature to 
25 oC, the dimensional change normal to the basal plane is much larger than the change 
13 
parallel to the basal plane. Because YBa2Cu3<>x ceramics have low fracture toughness, 
the anisotropic thennal stress generates severe microcracks at grain boundaries during 
cooling. These microcracks seem to be the most likely reason for the low Jc in bulk 
2.3 Previous Work on Wire Fabrication 
2.3.1 Single Filament Configuration 
The various approaches to the fabrication of ceramic wire can be subdivided35 
into three geometric catagories: (1) bare wire, (2) metal-core-composite wire, or (3) 
metal-clad composite wire (powder-in-tube). Until recently, none of these approaches 
have produced wire with critical current density (Jc ) high enough to be of interest for 
the desired applications. However, fibers fabricated using a melt-textured-growth36 
method have produced major improvement in Jc . This improvement is attributed to 
proper preferred orientation, the fonnation of a dense structure, and the formation of 
fewer and cleaner grain boundaries.37 It is therefore likely that wire drawing processing 
that would include provision for the development of these characteristics should produce 
greatly improved superconducting properties. 
The methods used so far for the fabrication of bare ceramic wire require the use of 
an organic binder38; however, as mentioned previously, YBa2Cu30x superconductors 
of most common use today are believed to be degraded by carbon contamination.39 
The metal-core-composite wire40 leaves the ceramic superconductor exposed to reaction 
with moisture and COi in the atmosphere, and the geometry is such as to put the brittle 
,, 
1 
material furthest from the central axis thus making it more susceptible to crackinJ due to 
bending. 
In the metal-clad composite wire configuration, it has already been shown that the 
14 
superconductor can be fabricated using silver as the tube material.18 Silver is known to 
be non-reactive with respect to the cuprate superconductors but allows for rapid oxygen 
diffusion. 
Recently, high Jc values in Ag-sheathed single ftlament ceramic core wires have 
been obtained by several reseachers. Takei, et al.41 measured Jc (77 K) to be greater 
than 104 A/cm2 for single filament Ag-sheathed wire of a homogeneous 
(Tl,Pb)1Ca3Ba2Cut011 superconducting phase. A Jc of 8x103 A/cm2 has been 
measured for Bi(Pb)-Sr-Ca-Cu-0 tape-shaped wire by S. Oh, et al .. 42 The optimum 
experimental condition for this high Jc was repeated pressing and heat treatment after 
swaging, and has been attributed to the fact that the ceramic core possesses a high 
density and a textured grain-structure. Uno, et al.43 have also obtained a Jc of 104 A/cm2 
for the Bi-Sr-Ca-Cu-0 system, and a Jc of 103 A/cm2 from the Y-Ba-Cu-0 compound; 
the major obstacle preventing higher Jc values from being obtained in wire form has 
been attributed to the 'weak link' problem of transport across grain boundaries. 
2.3.2 Multifilamentary Wire 
Murphy, D. W., et al.44 have summarized the impo~t functions of 
multiftlamentary composite wires for use in existing high power superconducting 
electromagnetic applications to be : (i) minimization of energy dissipation caused by 
magnetic flux instabilities, (ii) AC loss reduction, (iii) provision of a parallel electrical 
. . ' 
conduction path to carry current in case of local loss of superconductivity, (iv) th~rmal 
stabilization (heat sinking) to minimize local heating and prevent catastrophic loss of 
superconductivity, and (v) mechanical protection of the superconducting core against the 
15 
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Lorentz force during operation and other stresses of fabrication, handling, or use. 
The development of a high OC (direct current) magnetic field (H) depends 
directly on the current (I) passing through a coil and the number of turns (N) in a coil, 
according to the "solenoid equation," H=NI. Thus increasing the number of filaments (n) 
in a superconducting wire (if J<<.Tc) is as efficient way of increasing the magnetic field 
developed in a coil while improving fabricability and reliability because only N/n 
macroscopic turns need be used. In addition, local self-generated magnetic field 
cancellation occurs if fine wires with current flow in the same direction are placed in 
close proximity to each others ; this increases the Jc measured in a multifilamentary wire 
compared with that measured in a single filament wire of equal superconductor diameter. 
The current density distribution for transport in DC is uniform throughout the 
cross section of the conductor. However, this is not true for AC (alternating currents). 
Fields that change rapidly with time do not penetrate very far into good conductors. 
They are screened out by the current that flows at or near the surface; these currents near 
the surface generate fields which cancel the incident fields that might exist on the inside, 
and that might cause current to flow there. It follows that the current is largest near the 
outside surfaces ; this phenomenon is called the "skin effect". 
In transmission line circuits, the current density may be nonuniform in the 
conductor, with the inner portion of the wire carrying less current than the outer portion. 
The amount of this AC resistance (inductance) is determined by the frequency, the size of 
the conductor and the conductivity of the materials. Stranding the conduc~or considerably 
reduces the skin effect. 
For. industrial applications, oxide superconductors must also be processed into 
fine ftlaments just like conventional superconducting materials such as Nb-Ti or Nh)Sn. 
Some researchers have studied the fabrication of multifilamentary ceramic 
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superconducting wires. Sekine,45 et al. have produced a 252 strand of multifilamentary 
wire using Y-Ba-Cu-0 ceramic in silver tubes. Recently, Seido et al. 46 measured a Jc 
(77 K, 0 Tesla) of lxl<P Ncm2 in multifilamentary wire containing 1,332 filaments, 
and also a Jc of 5.6x1Q3 Ncm2 was obtained using a wire with 36 ftlaments ; both Jc 
values were measured on tape-shaped TI-Ba(Sr)-Ca-Cu-0 wires. The lower Jc value in 
the 1,332 filament wire was attributable to the non-uniform continuity of the finer 
superconducting ceramic filaments. A critical current density of 2x1()4 Afcm2 was 
obtained for a 20 ftlament wire of Ag-sheathed Bi(Pb)-Sr-Ca-Cu-0 superconducting 
compound by Sato et al .. 47 
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3. Experimental Procedures. 
3.1 Preparation Superconducting Powder 
Experiments were carried out using YBa2Cu30x superconducting powder 
prepared by first ball milling (5mm dia. zirconia balls) in absolute alcohol and then 
calcining the mixed components (yttrium oxide, barium carbonate, and cupric carbonate) 
in air at 850 oC. Schematic details of this procedure are described in Fig.(2). The usual . 
batch size was 50g of the mixed oxides. 
Sintering was performed in air at 920 oC for 4 hours and this material was then 
given a oxygen annealing at 500 oC for 10 hours and then furnace cooled. After 
sintering, the powder was ground in a mortar and pestle and then sieved in a #325 mesh 
• sieve. 
Two kinds of commercial "1-2-3" superconducting powders were also used. One 
powder was obtained from Hi Tc Supercon. Co., Lambertville, N.J. and made by the 
solid state reaction process described above. The other powder was supplied by AT&T, 
in Murray Hill, N.J., and was fabricated by a self-propagating reaction method.48 In 
addition, a Bi-based material with nominal composition of B4(Sr,Ca)6C114016+x was 
also used and was obtained from Hi Tc Supercon. Co .. For the basic study of the 
displacement reaction, commercial reagent grade CuO(copper oxide m powder was 
used. Nd1.ssCeo.1sCu04_x powder was also fabricated by solid state reaction of 
3.2 Packing and Density Measurements 
One end of the metal containment tube was swaged and the inner empty volume of 
the tube was measured using kerosene as the displacement liquid. After drying out the 
kerosene from the tube, the superconducting powder was compacted into the metal tube 
18 
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Fig. (2) Schematic Details of Preparing Powder 
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by tamping with a rod of the proper diameter. The initial green density was calculated 
from the tube volume and the known powder weight. Density of the ceramic core was 
calculated during wire drawing by weighing a fixed length of wire and using 
measurements of inner ceramic core diameter and the dimensions of the metal casing 
assuming the metal components to be at their theoretical densities. 
3.3 Wire Forming 
Wire can be fabricated either by wire drawing or by extrusion. Fig.(3) shows a 
schematic that describes the procedure for the manufacture of the ceramic 
superconducting composite wire. Wire drawing is a more economical and commercially 
desirable process because it can be easily made into a continuous operation. On the other 
hand, hydrostatic extrusion appears to provide a more sound wire product. It assures 
higher compressive stress on the powder during deformation, leading to better 
compaction of ceramic powder. Its disadvantage is the limited sample length that can be 
loaded into the chamber. 
In this research, two different configurations of single filament composite ceramic 
wire have been fabricated by the drawing method. The first configuration consisted of a 
thin wall silver tube containing the superconducting powder, both of which are placed 
inside a thick wall tube of either 403 stainless steel, or nickel. The higher strength outer 
tube makes the assembly more amenable to effective wire drawing because of the higher 
wire pulling load that can be applied. Here also, the outer tube may be removed after the 
final drawing step for further processing. However, as will be described, after an interim 
annealing operation for the outer tube, these composites have shown significant reaction 
between the superconductor and outer tube material, right through the thin silver 
interlayer. This has significant implication f~r the future development of commercial wire 
products, for fabrication of multifilamentary wires, and for joining technology in 
20 
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Fig. (3) Manufacturing Procedure of the Ceramic Superconducting Wire 
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general. In the second configuration, a thick-wall tube of one metal (usually silver) was 
used with ceramic powder packed inside. Experiments were also carried out using either 
a Ag-20% Pd alloy, pure copper, pure nickel, or the 403 stainless steel, as the 
A size ratio of the inner core radius to outer tube radius of about 0.5 was found to 
be the most efficient compromise between the need for compressive pressure to compact 
the powder, and sleeve strength to carry the tensile load during wire drawing. The 
sleeve material was either a thick-wall (6.35 mm OD; 4.35 mm ID) silver tube, or a 
thin-wall(6.35 mm OD; 5.84 mm ID) silver tube which was placed inside a thick-wall 
(10.20 mm OD; 6.35 mm ID) 403 stainless steel or nickel tube. The composite billet was 
then drawn on a draw bench using the schedule given in Table (3); the billet was 
annealed twice in air, first after pass #7 and then after pass #10, at a variety of 
temperatures (600-900 DC) and times (1-8 hours). The most typical annealing cycle was 
to heat at 650 oC for 3 hours and then slow cool in the furnace to room temperature. The 
purpose of this anneal was to relieve the residual stress in the outer cladding materials to 
enable further drawing. 
3.4 Multifilamentary Wire 
Two different multifilamentary configurations were manufactured by wire 
drawing methods. Silver thick-wall tube was utilized for both applications due to its ease 
off abrication. The first configuration, which consisted of 49 filaments (Table ( 4) ), was 
fabricated by first taking seven segments of single filament wire, placing them in a silver 
tube, and drawing by the same schedule as used in single ftlament wire. Repeating this 
with seven segments containing seven filaments each produced 49 filament wire. This 
manufacturing procedure is summarized in Fig. (4(a)). 
A second multiftlamentary configuration having 259 filaments is shown in 
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Table (3) Experimental Conditions for Drawing Metal 
Sleeve- Silver Composite Tube 
-----------
-----------
-----------
-----------
-----------
---~-
pass# original dia. final dia. reduction die angle 
(mm) (mm) (o/o) (o) 
-----------
-----------
-----------
-----------
-----------
-----
1 10.24 8.94 23.7 8 
2 8.94 7.49 28.9 9 
3 7.49 6.53 24.1 8 
4 6.53 5.92 17.8 5 
5 5.92 5.54 12.5 8 
6 5.54 4.95 20.0 8 
7* 4.95 4.42 20.4 8 
8 4.42 3.96 19.6 8 
9 3.96 3.51 21.7 5 
1 o· 3.51 3.18 17.9 5 
11 3.18 2.87 18.3 5 
12 2.87 2.54 21.7 5 
13 2.54 2.41 9.7 8 
14 2.41 2.29 10.2 8 
15 2.29 2.06 19.0 8 
16 2.06 1.85 18.8 8 
17 1.85 1.68 18.3 8 
-----------
-----------
-----------
-----------
-----------
------
• annealing (750 oc, 3 Hours) followed this path 
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Table (4) Experimental Conditions for Single Filament Wire 
--------------------------------------------------------
pass# original dia. final dia. reduction die angle box pressure 
(mm) (mm) (o/o) (o) (psi) 
--------------------------------------------------------------------------------------------------
1 6.25 5.91 13.1 5 n/a 
2 5.91 5.33 18.8 8 n/a 
3 5.33 4.95 13.8 8 n/a 
4 4.95 4.57 14.8 8 n/a 
5* 4.57 4.26 12.9 8 n/a 
6 4.26 3.96 13.8 8 n/a 
7 3.96 3.65 14.8 5 6,000 
8 3.65 3.35 15.9 5 7,000 
9 3.35 3.17 10.3 5 7,000 
10 3.17 3.02 9.36 5 7,000 
11 * 3.02 2.87 9.83 5 7,000 
12 2.87 2.54 21.6 5 n/a 
13 2.54 2.41 10.1 5 7,000 
14 2.41 2.22 15.0 2 7,000 
15 2.22 2.05 14.5 5 7,000 
16* 2.05 1.89 14.9 2 7,000 
17 1.89 1.75 14.2 5 n/a 
18 1.75 1.66 10.1 5 n/a 
19 1.66 1.57 10.1 5 n/a 
20 1.57 1.49 10.1 5 n/a 
21 1.49 1.34 9.44 5 n/a 
22 1.34 1.27 10.1 5 n/a 
----------------------------------------------------------------------------------------------------
* annealing (300 oc, 1 hour) 
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Fig. (4) Manufacturing Procedure of the Multifilamentary Wire 
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Fig. ( 4) Manufacturing Procedure of the Multifilamentary Wire 
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Fig.(4(b)) and was made by first using one filament, then 37 filaments and finally seven 
37 filament segments for the final 259 filaments, as shown in Fig. (4(b)). Table (5) lists 
the experimental conditions used for the 37 filament wire. The 37 segments of single 
filament wire were placed inside a silver tube of 13.97 mm OD and 10.20 mm ID. 
All multifilamentary geometries are based on building a linear hexagonal array of 
tubes with stable close packing which allows for uniform deformation and reduction in 
radial dimensions. In the case of the 37 filament tube, the outside of the outer tube was 
machined to a hexagonal cross-sectioned shape ; during def onnation through a conical 
die, this was transformed to a round cross-section by non-uniform radial deformation but 
which maintained good spatial distribution of the internal packed wire bundle. This 
process is unique and has not been reported previously in the literature. 
In order to try to improve the compaction of the starting single filament wire, a 
"pressure-box"49 was used during wire manufacture (Table (4)). It should be noted that 
the pressure box was not used at the start of wire drawing (frrst six process steps, Table 
( 4)) because the length of the starting rod was too small for the pressure box. The 
pressure box was also not used after the sixteenth pass because the wire diameter was 
too sma11 for the tooling available with the pressure box. 
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Table (5) Experimental Conditions for 37 Filament Wire 
-----------------------------------------------------------
pass# original dia. final dia. reduction die angle 
(mm) (mm) (o/o) (o) 
-----------------------------------------------------------
1 13.97 13.46 7.14 8 
2 13.46 13.08 5.58 8 
3 13.08 12.36 10.50 8 
4 12.36 11.89 7.65 5 
5 11.89 10.95 15.18 5 
6 * 10.95 10.06 15.58 5 
7 10.06 8.94 21.00 8 
8 8.94 8.33 13.17 8 
9 * 8.33 7.49 19.10 9 
10 7.49 6.73 19.30 9 
11 6.73 6.10 17.97 9 
12 * 6.10 5.54 17.49 8 
13 5.54 4.95 20.00 8 
14 4.95 4.42 20.38 8 
15 * 4.42 3.96 19.62 8 
16 3.96 3.50 21.74 5 
17 3.50 3.18 17.95 5 
18 * 3.18 2.87 18.27 5 
------------------------------------------------------------
* annealing (300 oc, 1 hour) 
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4. Results and Discussion 
4.1 Density 
Density measurements have so far been made only for single ftlament wire in a 
silver tube. The initial green density of the packed powder in the silver tube was 
measured to be 42% of theoretical density (taken as 6.38 glee). Although this green 
density was rather low compared with the green density (-55%) obtained by cold 
pressing (40,000 psi), the subsequent defonnation procedure (wire drawing) was 
expected to provide better compaction as the reduction ratio increased. After the frrst 
pass, the density increased to 47 % of the theoretical value. 
However, based on consecutive density measurement obtained from the samples 
in the first 7 drawing steps (Fig. (5)), in which the cross-sectionafarea was reduced by ) 
,, 
64% in total, the drawing process does not seem to provide effective compaction. 
Another indication of this poor compaction was demonstrated by the visible shrinkage 
space between the ceramic core and the metal tube. One possible explanation is that the 
silver material is too ductile to provide good compaction to the ceramic core during 
def onnation. The error range on the density measurements made on smaller diameter 
wire is greater because of the greater error in dimension and weight measurements. 
However, a much higher core density is expecterl because of the considerable number 
of drawing passes. Density measurement for the composite wire using stainless steel as 
a outer tube and silver as a thin interlayer has not yet been performed ; however, greater 
compaction is expected when a hard material is used as an outer tube. A second possible 
explanation of the poor compaction obtained, may be related to the nature of the powder 
used for the ceramic core. The self-propagating reaction powder is very fine grained and 
is agglomerated ; this leads to low green density and poor response to compaction. 
Another way to obtain better compaction is to carefully control the drawing 
parameters. There are three independent processing parameters that affect the efficiency 
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of the compaction of the powder : the wall thickness of the sheath, the reduction ratio 
taken per pass, and the die angle. The most efficient condition can be achieved by study 
of the behavior of an empty tube without the powder when drawn through the same die 
and with the same reduction. 
4.2 Cracking 
Th~/presence of both macrocracking (Fig.(6)) and microcracking of the ceramic 
su~~ducJ core in a number of composite wire configurations was noted Similar 
observations ~ave already been made by a number of other investigators. Many of these 
\ 
investigators have demonstrated that degradation of superconducting behavior can occur 
upon thermal cycling of ceramic superconductors. This has been attributed to the loss of 
mechanical integrity due to fine microcrack fonnation.50 This microcrack formation 
itself has been proposed to be caused by anisotropic thermal expansion51,52 of the 
orthorhombic YBa2Cu30x ceramic superconducting phase. O'Bryan and Gallagher53 
have reported that thermal coefficient of expansion varies from 3.5 ppm/Kin the 
b-direction to 30 ppm/K in the c-clirection, almost as order of magnitude difference. 
A further possible problem concerning thermal expansion behavior exists with 
respect to the differential thermal expansion of the superconducting ceramic relative to 
any containment material during fabrication, or relative to contact materials during 
physical property measurement or in use. Sadakada, et al.54 have reported a Jc of 
11,000 Ncm2 (77K) in unsheathed (Ag tube removed before sintering) composite wire, 
but only 600 Ncm2 for Ag sheathed wire. Direct evidence was presented,54 which 
showed extensive transverse cracking in the superconductor and which was related to 
the1mal expansion mismatch by the authors. Work by Togano, et al.55 has also 
proposed similar effects. 
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Fig. (6) Composite Sheathed Wire Having Significant 
Macrocracking within Ceramic~ Core 
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Fig. (7) Failure within Silver Interlayer 
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Thermal coefficient of expansion measurements reported in the literature for bulk 
polycrytalline YBa2Cu30x_ ceramic superconducting materials53,56-58 ranges from 
14.757 to 20 ppm/K58 at room temperature. O'Bryan and Gallagher53 have reported 
a=12.9 ppm/K (<400 oC), a=25 ppm/K (400-635 oC, the region of the orthorhombic-
tetragonal phase transition), and a=20 ppm/K (635-800 oC). The value of the thermal 
coefficient of expansion for silver in the range from room temperature to 800 oc is 23.2 
ppm/K, and that for 403SS is 19.4 ppm/K. The thermal coefficient of expansion of the 
bulk polycystalline YBa2Cu30x superconducting ceramic is thus either well-matched or 
some what smaller than the sheath materials. Therefore, in this configuration, the stress 
state in the ceramic should be compressive59 and should not lead to the observed 
cracking. It is believed that the more significant problem is the shrinkage of the ceramic 
relative to the clad metal60-66 during fabrication heat-treatment or sintering, followed by 
subsequent cooling and microcrack f onnation. Therefore both initial high packing 
density and compaction during drawing are important as well as proper thermal matching 
between the tube material and the superconducting core. 
Another example of defects introduced during the fabrication of the composite wires 
is the failure of the silver interlayer material during drawing. A longitudinal section of the 
Ni/Ag/oxide superconductor composite wire is shown in Fig.(7). The ductile 
silver interlayer has accommodated the localiz.ed deformation of the both ceramic powder 
and the nickel outer tube, and consequently the silver tears periodically along the drawing 
direction. 
4.3 Texture 
Because the YBa2Cu30x structure has a highly anisotropic superconducting 
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response, a reasonable Jc at a significant magnetic field may be obtainable only when 
both current and field are nearly parallel to the basal plane of the orthorhombic phase. 
Deformation processing of either powders or the bulk solid may produce a textured 
YBa2Cu30x structure. For an understanding of the effect of wire drawing and rolling on 
the development of texture, x-ray diffraction studies were performed. The intensities of 
(OOL) peaks were normalized by the intensity of (110, 103) peaks, since these were the 
strongest peaks in every case. Table (6) summaries the results from the x-ray diffraction 
study. The present experiments show only slight tendency for texture development 
compared with tape casting and magnetic alignment. Another wire forming method, 
extrusion using an organic binder30 provides good texture development ; however, the 
extruded wire is exposed to atmosphere and has a "binder burn-off'l5 problem during 
sintering. 
4.4 Critical Current Density (Jc) 
The critical current density (Jc) at 77 K has been measured by the four point probe 
method for the 403SS/Ag/YBa2Cu30x wire, after dissolution of the outer metal cladding 
and prior to sintering of the ceramic core, to be less than 1 Ncm2. Jc measurement of 
sintered single filament wires in Ag clad tubes has also been made. It was expected that a 
value of Jc similar to that obtained from bulk samples would be obtained for wire 
samples, because of high oxygen diffusivity in Ag and the small texture effect found in 
the wire. However, Jc for the wire was found to be 12 Ncm2, while 190 Ncm2 was 
obtained from the bulk sample, as shown in Fig. (8). Macrocracking along 
superconducting grains in the ceramic wire core and electrical contact problems were 
assumed to be responsible for the low le values measured in the wire. 
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Table (7) X-Ray Peak Intensity Ratios Normalized by (11O,103) 
Peak Intensity 
------------------------------------------------------------------------------
(OOL) 20 IooLI I110,100 
Powder Wire(a)* Wire(b)** Wire(c)*** 
------------------------------------------------------------------------------
002 15.24 1.62 NIA NIA N/A 
003 22.92 9.86 NIA NIA 10.40 
004 31.63 1.43 NIA NIA 5.46 
005 38.63 18.64 32.93 NIA 32.50 
006 46.74 35.78 22.39 44.90 42.19 
007 55.26 4.62 NIA N/A 6.61 
110,103 100 100 100 100 
------------------------------------------------------------------------------
* Round-Shaped Wire (4.42 mm OD) 
** Tape-Shaped Wire (2.3 mm Thickness), deformed from (a) 
*** Tape-Shaped Wire (1.1 mm Thickness), deformed form (b) 
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4.5 Displacement reaction 
4.5.1 YBa2Cu30JAg/403SS (or Ni) 
Each of the wire configurations was subjected to detailed metallographic and 
microchemical study using a combination of light optical microscopy, scanning electron 
microscopy (SEM), electron probe microanalysis (EPMA) and x-ray diffraction analysis. 
A summary of the observations is given in Table (7). This table indicates the nature of 
outer clad material (across) versus the presence or absence of a silver interlayer (down), 
the annealing conditions, and the presence or absence of,measurable superconductivity 
and a reaction zone. 
Despite the currently accepted paradigm that the superconducting ceramic is not 
reactive with respect to silver, it was noted that reaction is possible under certain 
circumstances. In all of the experiments performed using wire drawing with 403SS or 
Ni as the outer tube material, reactions were noted in the regions between the ceramic 
powder core and the silver interlayer, and between the interlayer and the outer tube 
material. Reactions were not obseived for wire fabricated using only a silver tube as the 
containment material. 
The results for the YBa2Cu30x/Ag/403SS composite (Fig.(9)) were generally 
typical of the reactions also observed in all other material combinations; therefore, this 
one example will be described in detail. In this case, after annealing, the silver interlayer 
appears to contain a dark, somewhat spheroid-shaped phase and with great variation in 
size (Fig.(lO(a))). Fig.(lO(b)) is the EDS x-ray spectrum obtained from the spheroid-
shaped phase within the silver layer. This phase was identified as Cu20 by examination 
using polarized light microscopy. Under polarized light, the color of the Cu20 phase 
changes to ruby red, as shown in Fig.(11). X-ray analysis in the region around the 
Ag/YBa2Cu3<>x interface indicated depletion of copper in the ceramic near the Ag 
37 
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Table (7) Summary of Experiments Using YBa2Cu30x Powder 
----------~--------------------------------------------------------------------------.--------------------------------Outer Cladding 403SS Ni Cu Ag thick wall 
----------------------------------------------------------------------------------------------------------------------
annealing condition 600-900 oc 
3 or4 hrs 
800 oc 400 oC 
3 hrs 3 hrs 
aoooc 
4 hrs 
---------------------------------------------------------------------------------------------------------------------Configuration 
WITH Ag thin interlayer 
-- superconducting 
- displacement reaction 
NO 
YES 
NO 
YES 
----------------~-----------------------------------------------------------------~--------------------------------
WITHOUT Ag thin interlayer 
- superconducting 
- displacement reaction 
YES(weak) YES(weak) 
YES YES 
-----------------------------------------------------------------------------------~--------------------------------
Ag thick wall 
· - superconducting 
- displacement reaction 
YES* 
NO 
-----------------------------------------------------------------------------------..... ~-------------------------------
* oxygen annealing at 500 oc was required 
' 
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(a) 
(b) 
Fig. (9) (a) Longitudinal Section of Composite Sheathed Wire 
(b) Overall Reaction Region for Composite Sheathed wire shown in (a) 
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Fig. (10) (a) Interface Region Between Thin Silver Interlayer (left) 
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(b) 
Fig. (11) Optical Micrograph of Cu20 Phase 
(a) Unpolarized Light, (b) Polarized Light 
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interlayer. The region around the 403SS/Ag interface was also observed to contain 
reaction products consisting of an iron-rich oxide layer nearest the Ag inner tube material 
(Fig.(12)). In some cases, utilizing lower annealing temperatures, the copper oxide 
formation was limited to the grain boundary regions within the Ag tube wall; at higher 
temperature the copper oxide particles appeared within the Ag grains. This suggests that 
oxygen diffusion along the grain boundaries in Ag may be a controlling factor. 
When the silver is not present, it is believed that the copper oxide forms as a 
continuous layer which limits further reaction. Although based only on qualitative 
observation, it appears that the extent of reaction is actually greater when the Ag tube 
intelayer material is present, versus the case when the superconductor is in direct contact 
with the 403SS, or Ni outer tube. This could be due to the larger (grain boundaries?) 
area available for reaction when it occurs in the silver as compared to the flat reaction 
front which exists when silver is not present. Because annealing was performed in most ·/ • 
cases at temperatures where the orthorhombic-to- tetragonal phase transition occurs, the 
reaction between the outer clad tube and the superconductor core produces a structure 
change in the ceramic superconductor. X-ray diffraction results shown in Fig.(13(b)) 
indicate a structure change in the ceramic from orthorhombic to tetragonal, which is 
consistent with a loss of oxygen and loss of superconductivity. The above arguments 
are consistent with the observations (Table (8)) that for equivalent processing conditions, 
the wires fabricated without a silver interlayer show a weak superconducting behavior, 
but the wires with a silver interlayer are no longer superconducting. Wires processed in 
a silver thick wall tube without an outer 403SS or Ni tube are superconducting after heat 
treatment 
It is believed that the microstructure described above is developed due to a 
displacement reaction between the outer tube material (Fe-Cr, or Ni) and the cuprate 
superconductor, where copper cations are present at least in the divalent state. Rapp, et 
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(a) 
(b) 
Fig. (12) (a) SEM Image of Interface Region Between Stainless Steel and ,Silver 
(b) X-Ray Mapping of (a) 
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al.67 and Yurek, et al.,68 have described similar displacement reactions to occur 
between Fe, Ni, or Co and Cu20. More recent work by Vosters, et al.,69 and van Loo, 
et al. 70 has examined the effect of impurities on the kinetics and morphology of the 
displacement reaction, as well as to provide a more definitive thermodynamic b~is for 
the occurrence of such reactions in multiphase higher order multicomponent systems. In 
our particular case, it is proposed that elements such as Fe, Cr, or Ni, give up electrons 
and produce ions which travel across the interface or through the Ag interlayer to reduce 
copper ions in the ceramic from the divalent to the monovalent state (Fig.(14)).These 
monovalent copper ions together with ionic oxygen then migrate toward the outer tube 
region (down their own chemical potential gradient). It is presumed that when the source 
of divalent copper would be depleted, the system would move to a lower valence state, 
i.e., Fe + Cu20 giving FeO + Cu , as is the case described in the literature. It should be 
noted that Cu20 is the stable phase (not CuO) in a pure Cu-0 system under the 
temperature and oxygen pressure conditions considered here. 
4.5.2 CuO/Ag/Ni and Nd1.s5Ceo.1sCu04_x/Ag/Ni 
These two specimens were heat-treated at 750 oC in air for 4 hours. The general 
observation is that the results are similar to that observed previously for 
"YBa2Cu30JAg/403SS. However, using polarized light microscopy, it appears that more 
Cu20 phase is found towards the Ni side of the reaction region in Ag and decreases in 
concentration toward the ceramic core. The reason for this is presumed to be that copper 
ions present at the diffusion front meet electrons, which are coming from Ni, and form 
Cu20. This phenomenon is similar to that observed during oxidation of metal where the 
most oxygen-rich compound is found at the gas-side of the interface and the most metal-
rich compound is found at the metal side of the interface. 71 Nd1.ssCeo.1sCu04.x has an 
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Fig. (14) Schematic Explanation of Displacement Reaction 
(a) Reaction Kinetics, (b) Reaction after Heat Treatment 
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average copper valence state of+ 1.8,72 which means a mixed state of Cu+l and Cu+2. 
Unlike the previous reported case for YBa2Cu30,JAg/403SS, a continuous copper 
compound (presumably CuO) layer was produced between the Ag and the 
Nd1.ssCeo.1sCu04_x core. This layer may serve as a diffusion barrier against oxygen 
loss or atomic intermixing. 
The reaction width within the Ag interlayer was measured to be about 1 OOµm 
(Fig.15(a)) in the Nd1.ssCeo.1sCu04-JAg/Ni specimen in comparison with 200µm 
(Fig.15(b)) for the CuO/Ag/Ni specimen. The smaller reaction width in the frrst case 
could be due to either the lower copper concentration in the ceramic core, or the lower 
diffusivity across the interface due to the presence of a continuous copper compound 
layer. 
Specimens fabricated between CuO or Nd1.ssCeo.1sCu04_x and Ni without a Ag 
interlayer have also been examined. The CuO/Ni specimen heated in air for 7 hours at 
1000 oC forms an NiO layer at the interface and with oxide penetration into Ni grain 
boundaries ; it appears that there is a solid solution region of NiO-CuO near the CuO 
side of the couple. The oxide reaction layer is about 40 µm wide. For the 
Nd1.ssCeo.1sCu04_JNi system, samples heated in air for 1 hour at 900 oc, fonn an 
intermediate NiO layer about 20µm wide. Although direct comparisons are difficult 
because of the different times and temperatures used it does appear that higher copper 
concentration in the ceramic core and the presence of a silver interlayer enchance reaction 
rates. 
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4.6 Multifilamentary Wire 
Fig. (16) depicts the cross-section and longitudinal section of a 49 filament wire 
having an OD of 1.27 mm after sintering heat treatment. The individual ceramic strands 
are continuous and approximately 40 µmin width. Fig. (17) shows the cross-section and 
longitudinal section of a 37 filament wire having an OD of 2.87 mm before sintering 
treatment because this material was then used for continued processing to fabricate the 
259 filament wire. A billet containing 259 filaments has been fabricated but this has not 
yet been down into a fine wire. The use of a containment tube with an outer hexagonal 
shape passed through a conical die appears to have worked well because the overall 
hexagonal packing of the individual filaments has been maintained without distortion 
during the wire drawing process (compare Fig. (16(a)) to Fig. (17(a))). In both cases, 
the longitudinal cross section indicates the continuity and the unif onn thickness of each 
filament. Jc measurements have not yet been made on these multi.filamentary wires due to 
experimental difficulties. 
4.7 General Discussion 
Superconducting ceramic materials, no matter what their form, size or shaped, 
must eventually make contact with non-superconducting materials in order to accomplish 
current transfer to other parts of a real operating system, or for testing and measurement 
of properties. Thus, whether the configuration is a clad wire, a bulk superconducting 
disc, tape, or a thick or thin superconducting film on a substrate, the physical and 
mechanical behavior of interfaces (interconnections, joints, etc.) between 
superconductors and normal conductor materials of all kinds is of extreme importance 
to the technological development of these systems. Fabrication heat-treatments 
associated with the joining process (such as described above) would allow possible 
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reactions between the superconducting cetamic and the contact to occur, and 
consequently influence properties at the interface region. The nature of these reactions is 
therefore of great broad interest, as these may be a primary determinant for the real 
capability of these materials. This is especially true in AC applications where frequency 
related skin effect would limit the current flow to regions adjacent to the interface. It is 
suggested that, as new materials are tried for joining and cladding of cuprates, materials 
with low oxidation rate and low oxygen diffusion rate in the product oxides would be 
good choices for selection. 
For texture development, simple wire drawing does not provide significant 
anisotropic behavior in the YBa2Cu30x, compared with extrusion30 and rolling.55 
Extrusion of YBa2Cu30x with an organic binder allows anisotropically shaped particles 
to smoothly rotate so as to align their long axes (c-axis) more closely with the axis of 
extrusion. Sintering time and optimum ball milling history are very critical for the 
development of elongated particles with c-plane facets. However, in the wire drawing 
process, an organic binder cannot be used and the elongated particles may be crushed 
into smaller grains as deformation goes on. Some researchers have developed stronger 
texture in th~ metal-clad wire fonns by tape rolling after drawing, but not with as strong 
a texture as developed by tape casting and magnetic alignment Thus it may be necessary 
to establish the elongated c-plane facets in powder f 011n before the defonnation process 
in order to develop a strong texture effect. 
As noted in Section 2.3.2, for DC transport, where current flows unifonnly 
throughout the cross section, an inverse relation between conductor diameter and Ic 
exists, that is, Jc increases as the diameter decreases. Thus multifilamentary wire may 
have higher Jc values. Seido, et al.,46 however, have shown that multifilamentary wire 
with 1,332 strands has lower Jc than single core wire, while Jc of 36 filament wire is 
52 
higher than that of single core wire. Local discontinuity in finer wire structures may be 
the reason for this decrease in Jc and points to the need for continued research related to 
deformation of the mt4tifilamentary wire configuration. 
; 
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5. Summary & Conclusions 
1) Composite wire-form products with a ceramic superconductor core can be 
successfully drawn by the deformation schedules described in this paper. 
2) Macrocracking of the ceramic core is attributed to shrinkage stresses developed 
during sintering rather than due to the relative thermal coefficient of expansion between 
the ceramic core and the outer sheath materials. 
3) Wire drawing consisting of powder in a metal tube has not provided strong texture 
development. Other parameters, such as powder preparation history, strength of outer 
tube, and die angle, should be considered in more detail in order to develop the 
anisotropic property behavior. 
4) Silver clad multiftlamentary wires (37, 49, and 259 filaments) have been 
successfully manufactured with the smallest strand diameter of 40 µm obtained in the 49 
filament wire. The cross-sectional deformation field can be successfully controlled by 
changing the shape of the outer surf ace of the containment tube as demonstrated with the 
37 filament wire. 
5) Reaction products which form between the ceramic core and the outer sheath 
during fabrication annealing are attributed to a displacement reaction related to the 
oxidation potential difference between elements in the metallic sheath and the ceramic 
core. 
6) The presence of a Ag interlayer between cuprate superconductors and non-noble 
metals enhances the reaction rate, leads to a wider reaction zone within the Ag interlayer 
and with a non-continuous structure and tends to form Cu20 rather than CuO. 
7) A continuous· copper oxide reaction product layer which forms at the interface of 
the Nd-Ce cuprate core serves as a diffusion barrier against further reaction, but also 
produces a change in composition of the superconducting phase. 
54 
7. References 
[l] ASM INTERNATIONAL, Hi&h Temperanue Sgpgconductjn& Materials, A report 
Prepared by Japan Technical lnfonnation Service, ASM INTERNATIONAL (1987) 
[2] Bednord, J.G. and Muller, K. A., "Possible High Tc Superconductivity in the 
La-Ba-Cu-0 System," Z. Phy. B, .6i (1986), p189. 
[3] Tokura, Y., Tagaki, H. and Uchida, S., "A Superconducting Copper Oxide 
Compound with Electrons as the Charge Carriers," Nature, fil (1989), p345 
--[4] Wu, W. K., Ashburn, J. R., Tomg, C. J., Hor, P. H., Meng, R. L., Gao, L., 
Huang, Z. J., Wang, Y. Q. and Chu, C. W., "Superconductivity at 93 Kin a 
New Mixed-Phase Y-Ba-Cu-0 Compound System at Ambient Pressure, " Phys. 
Rev. Lett., iR (1987), p908. 
[5] Maeda, H., Tanaka, Y., Fukutomi, M., and Asano, T., "A New High- Tc Oxide 
Superconductor without Rare Earth Element," Jpn. J. Appl. Phys.,..21 (1988), 
pL209. 
[6] Sheng, Z. Z., Hermann, A. M., El Ali, A., Almasan, C., Estrada, J., and Datta, T., 
"Superconductivity at 90 Kin the Tl-Ba-Cu-0 System," Phys. Rev. Lett, 00 (1988), 
p937. 
[7] Sheng, Z. Z. and Hermann, A. M., "Bulk Superconductivity at 120 Kin the 
Tl-Ca/Ba-Cu-0 System," Nature, fil (1988), p138. 
[8] Hammond, P., Electromametism for En,Uneers, 3rd. ed., Pergamon Press (1986), 
p123. 
[9] Chen, I., Sen, S., Chen, C. H., and Stefanescu, D. M., " Fabricating Ag20-
Stabilized Superconductive Wires," J. Metals,~ (1989), p31. 
[10] Tanaka, Y., Yamada, K., and Sano, T., "YBCO Superconducting Coils Operated at 
Nitrogen Temperature," Jpn. J. Appl. Phys. , 21(5) (1988), pL799. 
[11] Shumay, W. C., "Superconductor Materials Engineering," Advanced Materials 
& Processes, 134 (5) (1988), p53. 
[12] Pollack, "New Era for Superconductors," The New York Times, October 25 
(1988), pD23. 
[13] Yan, M. F., Ling, H. C., O'Bryan, H. M., Gallagher, P. K. and Rhodes, W. W., 
"Process-related Problems of YBa2Cu30x Superconductors," Mater. Sci. & 
Engg., Bl (1988), pl 19. 
[14] O'Bryan, H. M. and Thomson, J. AT&T Bell Laboratories, Murray Hill, NJ, 
55 
unpublished data (1987). 
[15] Clarke, D.R., Shaw, T. M. and Dimos, D., "Issues in the Processing of Cuprate 
Ceramic Superconductors," J. Am. Ceram. Soc., 72 (7) (1989), pl 103. 
[16] Aselage, T. and Keefer, K., "Liquidus Relations in Y-Ba-Cu Oxides," J. Mater. 
Res., ..l (6) (1988), p1279. 
[17] Nevriva, N., Holba, P., Durcok, S., ~manova, D., Pollert, E. and Trisk, A., 
"On the Melt Equilibria in the Y-Ba-Cu-(0) System," Physica C, ill (1989), 
p334. 
[18] Jorgensen, J. D., Hinks, M.A., Soderholmd, L., Volin, K. F., Hittennan, R. 
L., Grace, J. D. and Schuller Ivan K., "Oxygen Ordering and the 
Orthorhombic-to-Tetragonal Phase Transition in YBa2Cu3(n_x," Phys. Rev., 
B36 (1987), p3608. 
[19] McCallum, R. W. Verhoeven, J. W., Noack, M. A., Gibson, E. D., Laabs, F. 
C. and Finnern1ore, D. K., "Problems in the Production of YBa2Cu30x 
Superconducting Wire," Adv. Cerain. Mater. 2 (1987), p388. 
[20] Matsui, H., Ito, S., Nakagawa, I., Takeda, M. and Yasuda, K., "Deterioration 
of Superconductive Character of Y-Ba-Cu Oxides in Time Duration," Jpn. J. 
Appl. Phys., 21 (10) (1988), p1867. 
[21] Gallagher, P. K., "Characterization of Ba2 YCu30x as a Function of Oxygen 
Partial Pressure, Part I: Thennoanalytical Measurements," Adv. Ceram. 
Mater., ..2 (3B) (1987), p632. 
[22] O'Bryan, H. M. and Gallagher, P. K., "Characterization of Ba2 YCu30x as a 
Function of Oxygen Partial Pressure, Part II: Dependence of the 0-T 
Transitioti on Oxygen," Adv. Ceram. Mater., ..2 (3B) (1987), p640. 
[23] Gurvitch, M. and Fiory, A. T., "A Metal-Alloy Process for the Formation of 
Oxide Superconducting Films: Advantages, Problems Substrate interactions, 
Buffer Layers," Mat. Res. Symp. Proc., 22 (1988), p297. 
[24] Gavaler, J. R., Braginski, A. I., Telvacchio, J., Janocko, M.A., Forrester, M. 
G. and Greggi, J., Extended Abstracts High-Temperature Superconductors, 
April 5-9, 1988, Reno (Nevada), p193. 
[25] Agatsuma, K., Ohara, T., Tateishi, H., Kaiho, K., Ohkubo, K. and Karasawa, 
H., "Obseivation of Boundary Layer of YBa2Cu3Cn-x Films Pasted on 
Al2<>J, SrTiO:J, and YSZ Substrates," Physica C, 153-155 (1988), p814. 
[26] Chaudhari, P., Koch, R., Laibwitz, R.B., McGuire, T.R. and Gambino, R. J., 
56 
"Critical Current Measurements in Epitaxial Films of YBa3Cu30,_x," Phys. Rev. 
Lett., 5-R (1987), p2684. 
[27] Takenaka, T., Noda, H., Yoneda, A. and Sakata, K., "Superconducting 
Properties of Grain-Oriented YBa2Cu30,_x Ceramics," Jpn. J. Appl. Phys., 
21 (7) (1988), pL1209. 
[28] Chen, I., Wu, X., Keating, S. J., Keating, C. Y., Johnson, P.A., and Tien, T. Y., 
"Texture Development in YBa2Cu30x by Hot Extrusion and Hot-Pressing," J. Am. 
Ceram. Soc., 10(12) (1987), pC388. 
[29] Kim, S. S., Srinivasan, T.T., Shrout, T.R., and Newnham, R.E., "Strucutr and 
Properties of the Grain-Oriented YBa2Cu307-x Superconductors Fabricated Using 
Tape Casting," Ceramic Superconductors II, edt. by Yan, M. F., Am. Ceram. 
Soc. (1988), p381. 
[30] Wright, R. N., Doremus, R. H., German, R. M., Knorr, D. B., MacCrone, R. 
K. and Rajan, K., "Deformation Processing of High Tc Superconducting 
Wire," Proceedings of the Northest Regional Meeting of the Metallogical 
Society (1988), p139. 
[31] Matsuda, S., Okada, M., Morimoto, T., Matsumoto, T. and Aihara, K., 
"Superconducting Tape-Shaped Wire By YBa2Cu30,_x with 1c=2000 Ncm2," 
Mat. Res. Soc. Symp. Proc. 22, 695 (1988) 
[32] Blendell, J. E., Chiang, C. K., Cranmer, D. C., Freiman, S. W., Fuller, E. R., 
Jr., Drescher-Krasicka, E., Johonson, W. L., Ledbetter, H. M., Bennett, L. 
H., Swartzendruber, L. J., Marinenko, R. B., Myklebust, R. L., Bright, D. S. 
and Newbury, D. E., "Processing-Property Relations for Ba2 YCu30,_x High 
Tc Superconductors," Adv. Ceram. Mater., .l (3B) (1987), p512. 
[33] Cook, R. F., Shaw, T. M. and Duncombe, P. R., "Fracture Properties of 
Polycrystalline YBa2Cu30x ," Adv. Ceram. Mater, ,2 (3B) (1987), p329. 
[34] Nakahara, S., Boone, T., Yan, M. F., Fisanick, G. J. and Johnson, D. W., Jr., 
"Defect Structure in Ba2YCu307 ," J. App. Phys., 6l (2) (1988), p451. 
[35] Nakahara, S., Fisanick, G. J., Yan, M. F., Van Dover, R. B., Boone, T., 
Moore, R., "On the Defect Structure of Grain Boundaries In Ba2 YCu30,.x , " 
J. Cryst. Growth, ~ (1987), p639. 
[36] Jin, S., Sherwood, R. C., van Dover, R. B., Tiefel, T. H., Nakahara, S. and 
Fastnacht, R. A., "Critical Current Density and Fabrication of the 
57 
.. 
Polycrystalline Y-Ba-Cu-0 superconductor," Ceramic Superconductors , Am. 
Ceram. Soc., Cincinnati, Oh, May, 1988. 
[37] Jin, S., Tiefel, T. H., Sherwood, R. C., Davis, M. E., van Dover, R. B., 
Kammlott, G. W., Fastnachat, R. A. and Keith, H. D., "High Critical 
Currents in Y-Ba-Cu-0 Superconductors," Appl. Phys. Lett. 52. (1988), p2074 
[38] l)egener, J. K., Dusek, J. T., Goretta, K. C., Poeppel, R. B. and Schultz, A. 
J., "Extrusion of Superconducting Ceramic Wires," Paper No. 102-S-88, Am. 
Ceram. Soc., Cincinnati, Oh, May 5, 1988. 
[39] Zhang, L. F., Hanner, M. P. and Chan, H., "Formation of Grain Boundary 
Carbon-Containing Phase Grain Boundaries During Annealing at YBa2Cu3°'1-x ," 
J. Am. Ceram. Soc., 1.2(10), 1997 (1989) 
[40] Jin, S., Sherwood, R. C., van Dover, R. B., Tiefel, T. H. and Johnson, D. W., 
Jr., "High Tc Superconductors-composite wire fabrication," Appl. Phys. Lett. 
ll. (1987), p943 
[41] Takei, H., Torii, Y., Kugai, H., Hikata, T., Sato, K., Hitotsuyanagi, H. and Tada, 
K., "Preparation of Ag- Sheathed TI-Ca-Ba-Cu-0 Superconducting Wires," Paper 
No. PWB-28, presented at the 2nd International Symposium on Superconductivity 
(1989), Tsukuba, Japan 
[ 42] Oh, S., Osamura, K. and Ochiai S., "Effect of Cold- Working in the Critical 
Current Density of Ag-Sheathed Bi(Pb)-Sr-Ca-Cu-0 Tapes," Paper No. PWB-5, 
presented at the 2nd International Symposium on Superconductivity (1989), 
Tsukuba, Japan 
[43] Uno, N., Enomoto, N., Kikuchi, H. and Matsumoto, K., "The Transport Critical 
Current Property of High Tc Superconducting Wires," Paper No. WB-9, presented 
at the 2nd International Symposium on Supe'rconductivity (1989), Tsukuba, Japan 
[44] Murphy, D. W., Johnson, D. W., Jr., Jin, S. and Howard, R. E., ." Processing 
Techniques for the 93 K Superconductor Ba2YCu3°'7 ," Science, 241,922 (1988) 
[45] Sekine, H., Inoue, K., Maeda, H., Numata, K., Mori, K. and Yamamoto, H., 
"Fabrication of Multiftlamentary Y-Ba-Cu-0 Oxide Superconductors," Appl. 
Phys. Lett., ~ (26) (1988), p226. 
[46] Seido, M., Hosono, F., Umezawa, T., Nomoto, A. and Nomura, K., "Fabrication 
and Characterization of Multicore TI-Ba(Sr)-Ca-Cu-0 Superconducting Tapes," 
Paper No. PWB-17, presented at the 2~d International Symposium on 
Superconductivity (1989), Tsukuba, Japan 
58 
f 1 
I ,_ 
[47] Sato, K., Hikata, T., Mukai, H. and Hitotsuyanagi, H., "Electromagnetic 
Properties and Structures of BiPbSrCaCuO Superconducting Wires," Paper 
No. WB-8, presented at the 2nd International Symposium on Superconductivity 
(1989), Tsukuba, Japan 
[48] Kourtakis, K., Robbins, M., and Gallagher, P. K., "A Novel Synthetic Method 
For The Preparation of Oxide Superconductors : Anionic Oxidation-Reduction," 
J. Sol. State Chem . .82, 290 (1989) 
[ 49] A vitzur, B., Handbook of Meta) Fonnin& Processes, John Wiley & Sons, p409 
[50] Cima, M. J. and Rhine, W. E., "Powder Processing For Microstructural 
Control in Ceramic Superconductors," Adv. Ceram. Mater., 2 (1987), p329 
[51] Kinser, D. L., Magruder, R. H., Quales, R. A. and Schaefer, J. D., "Thermal 
Cycling Degradation of YBa2Cu30g_x Superconductors," Paper AA7.88 MRS 
Fall Meeting (1987) 
[52] Tiefel, T. H., Jin, S., Sherwood, R. C., Fastnacht, R. A., Nakahara, S., 
Fisanick, G. and Boone, T., "Effect of Temperature Cycles on the Critical 
Current Density of YBa2Cu3°'7-x , " Paper AA.4.40, MRS Fall Meeting 
(1987) 
[53] O'Bryan, H. M. and Gallagher, P. K., "Characterization of Ba2 YCu30x as a 
Function of Oxygen Content," Adv. Ceram. Mater., 2. (1987), p640 · 
[54] Sadakata, N., Keno, T. I., Nakagawa, M., Gotoh, K. and Kohno, 0., 
"Fabrication and Superconducting Properties of High Tc Oxide Wire," 
High Temperature Superconductors, MRS Symposium Proceedings, 22 
(1988), p293. 
[55] Togano, K., "Development of Tape and Wire Fabrication Processes for High 
Tc Ba2Cu3°'1-x Oxide Superconductors," Paper AA6.1, MRS Fall Meeting 
(1987) 
[56] Momin, A. C., et al., "Bulk Thermal Expansion Studies of the Superconducting 
-~ 
Compound YBa2Cu30x , " presented at the Int'l. Conf. on First Two Years 
of High Tc Superconductivity, U. Alabama, April, 1988 
[57] Alford, N. McN., Birchall, J. D., Clegg, W. J., Harmer, M. A., Kendall, K. and 
Jones, D. H., "Physical and Mechanical Properties of YBa2Cu3°'7-x 
Superconductors," J. Mat. Sci. 23. (1988), p761. 
[58] Bayot, V., et al., "Thermal Expansion of a YBa2Cu3°'7 Superconducting _ 
Ceramic," Solid St. Comm. M (1987), p327. 
59 
[59] Varshneys, A. K., "Stresses in Glass to Metal Seals," Treatise on Mat. Sci. & 
Tech., Vol. 22 (Glass ill), Tomozawa & Doremus, Eds. 
[60] Bordia, R. K. and Raj, R., "Anylysis of Sintering of a Composite with a Glass 
or Ceramic Matrix," J. Am. Ceram. Soc., .62 (3) (1986), pC55. 
[61] Bordia, R. K. and Raj, R., "Sintering Behavior of Ceramic Films Constrained 
by a Rigid Substrate," J. Am. Ceram. Soc.,~ (6) (1985), p287. 
[62] Hsueh, C.H., "Sintering of a Ceramic Film on a Rigid Substrate," Scripta 
Met., 12 (1985), p1213. 
[63] Scherer, G. W. and Garino, T., "Viscous Sintering on a Rigid Substrate," J. 
Am. Ceram. Socl, ~ (4) (1985), p216. 
[64] Bordia, R. K. and Raj, R., "Role of Shear in the Sintering of Composites," 
Mat Sci. Res., 20, Tailoring Multiphase and Composite Ceramics, 
Tressler, R. E., et al., eds., Plenum (1986), p27 
[65] Mikeska, K. R., Scherer, G. W. and Bordia, R. K., "Warping During Cofrring 
of Low Temperature Ceramic/Metal Multilayers," Paper 131-E-88/ Annual 
Meeting of the American Ceramic Society, Cincinnati, OH, May 5, 1988 
[66] Scherer, G. W., Mikeska, K. and Bordia, R. K., "Warping During Cofrring," 
Paper 130-E-88, Annual Meeting of the American Ceramic Society, 
Cincinnati, OH, May 5, 1988 
[67] Rapp, R. A., Ezis, A. and Yurek, G. J., "Displacement Reactions in the Solid 
State," Met. Trans.~ (1973), p1283. 
[68] Yurek, G. J., Rapp, R. A. and Hirth, J. P., "Kinetics of the Displacement 
Reaction between Iron and Cu20," Met. Trans.~ (1973), p1293. 
[69] Vosters, P. J. C., Laheij, M. A. J. Th., van Loo, F. J. J. and Metselaar, R., 
"The Influence of Impurities on the Kinetics and Morphology of the 
Displacement Reaction between Ni or Co and Cu20," Oxid. Met, 20 (1983), p147 
[70] van Loo, F. J. J., Vonbeek, J. A., Bastin, G. F. and Metswelaar, R., "The 
Role of Thennodynamics and Kinetics in Multiphase Ter11ary Diffusion," 
p.231 in Atomic Transport in Concentrated Alloys and Inteimediate 
Compounds, TMS-AIME (1985) 
[71] Fonana, M.G., Corrosion En&ineerin&, 3rd ed., McGraw-Hill (1987) 
[72] Uji, S., Shimoda, M. and Aoki, H., " Valence State of Cu in Nd2-xCexCu04 
System," Jpn. J. Appl. Phys . .2B. (1989), pL804 
60 
8. Vita 
Minseok Oh was born in Seoul, Korea on September 11, 1964, as a 
son of Sewon and Yunkyung Oh. He was graduated from Seoul National University, 
Korea in 1987, with a Bachelor of Science degree in Metallurgical Engineering. 
Since graduation, he came to United States for the graduate study. This 
thesis was done while he worked as a research assistant, supported by 
the Lehigh University Consortium for Superconducting Ceramics. 
61 
